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Abstract
The	 flushing	of	 toilets	 generates	 contaminated	 aerosols,	 the	 transmission	of	which	
may	cause	the	spread	of	disease,	particularly	 in	the	immunocompromised	or	the	el-
derly.	This	study	investigated	the	emission	strength	of	three	types	of	airborne	bacte-
ria, namely Staphylococcus epidermidis, Escherichia coli, and Pseudomonas alcaligenes, 
during	toilet	flushing	in	a	custom-	built	toilet	under	a	controlled	environment.	Flushing	
was	activated	by	a	flushometer	operated	at	two	pressure	levels,	400	kPa	(high	pres-
sure	[HP])	and	200	kPa	(low	pressure	[LP]),	and	by	a	water	cistern	tank	placed	95	cm	
(high	tank	[HT])	and	46	cm	(low	tank	[LT])	above	the	toilet	seat.	The	pathogens	emitted	
by	the	first	flush	were	calculated,	with	the	correlations	between	airborne	pathogen	
emissions	and	droplet	concentration	(HP,	r=0.944, P<.001;	LP,	r=0.803, P<.001,	HT,	
r=0.885,	P<.05)	and	bacterial	size	(HP,	r=−0.919,	P<.001;	LP,	r=−0.936,	P<.001;	HT,	
r=−0.967,	P<.05)	in	the	different	conditions	then	tested.	The	emission	strength	in	the	
HP	condition	was	statistically	greater	than	that	in	the	LP	condition,	whereas	the	cis-
tern	 tank	 system	 produced	 less	 emissions	 than	 the	 flushometer	 system,	 and	 tank	
height	was	not	found	to	be	a	sensitive	parameter.
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airborne	transmitted	pathogens,	emission	strength,	infectious	diseases,	size-resolved	emissions,	
toilet	flushing-generated	water	droplets,	toilet	hygiene

1  | INTRODUCTION

The	 human-	to-	human	 transmission	 of	 airborne	 pathogens,	 such	 as	
tuberculosis,	smallpox,	severe	acute	respiratory	syndrome	coronavi-
rus	(SARS-	CoV),	Middle	East	respiratory	syndrome	coronavirus,	avian	
influenza,	and	Ebola,1,2	presents	a	challenge	to	the	prevention,	man-
agement,	and	containment	of	emerging	infectious	disease	outbreaks	
and	infection	control	worldwide.	A	number	of	studies	have	investi-
gated	 human-	to-	human	 transmission	 via	 expiratory	 droplets	 inside	
built	 environments	with	a	view	 to	minimizing	 it,	but	 there	are	also	
other	airborne	pathways	that	can	transmit	pathogens.	When	exter-
nal	energy	 is	used	 to	disintegrate	 liquid	 into	airborne	droplets,	 the	
process	is	referred	to	as	atomization.	The	splashing	of	water	droplets	
during	the	flushing	process	 is	commonly	observed	when	toilets	are	
poorly	designed	or	 the	 flushing	pressure	 is	 too	high.	 In	addition	 to	
the	relatively	large	droplets	that	are	visible	(~	millimeters	in	size),	the	
toilet	 flushing	 process	 is	 also	 known	 to	 atomize	 numerous	 smaller	

airborne	droplets.	It	was	demonstrated	as	long	ago	as	the	1960s	that	
droplets	with	airborne	pathogens	can	be	generated	during	the	toilet	
flushing	process,	 thereby	creating	 infectious	hazards.3	More	recent	
studies	have	 revealed	a	very	high	viral	 load,	up	 to	1011	 viral	parti-
cles	per	gram	of	fecal	matter.4	If	feces	containing	pathogenic	organ-
isms	are	shed	by	an	infected	person	and	contaminate	toilet	fluid,	the	
atomized	 droplets	 produced	may	well	 be	 infectious.5-7	 The	 results	
of	 previous	 studies	 have	 raised	 concern	over	 the	 aerosolization	of	
excreta	containing	such	intestinal	or	urinary	pathogenic	microorgan-
isms	as	Aeromonas sp., Bacillus sp., Campylobacter sp., Clostridium sp., 
Escherichia sp., Klebsiella sp., Pseudomonas sp., Salmonella sp., Serratia 
sp., Shigella sp., and Staphylococcus sp.	presenting	either	as	coloniza-
tion	or	infection.8	Among	all	pathogens	concerned,	noroviruses	have	
received	the	greatest	attention,	particularly	in	elderly	and	healthcare	
settings.9	 In	 addition,	 pathogens	 other	 than	 the	 typical	 intestinal	
pathogens,	including	the	deadly	SARS-	CoV	and	Ebola	virus,	have	also	
been	 detected	 in	 excreta,	 thus	 further	 raising	 concerns	 about	 the	
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potentially	 infectious	 pathogen-	laden	 aerosols	 generated	 by	 toilet	
flushing.

When	the	fecal	shedding	of	pathogenic	organisms	takes	place	in	
the	toilet	bowl	of	a	public	washroom,	flushing	the	toilet	may	expose	
subsequent	washroom	users	through	primary	exposure	to	contami-
nated	aerosols	via	direct	inhalation,	and/or	secondary	exposure	may	
occur	via	contact	with	contaminated	surfaces.10	Large	droplets	set-
tle	within	 1-	2	m,11	 and	 are	 highly	 likely	 to	 contaminate	 such	 envi-
ronmental	 surfaces	as	door	handles,	banisters,	 and	 flush	handles.12 
Small	droplets	generally	refer	to	droplet	nuclei	with	a	diameter	in	the	
range	 of	 less	 than	 5	μm.	As	 they	 settle	 slowly	 in	 the	 air,	 they	 can	
travel	farther	and	for	a	much	longer	duration.13	It	has	been	reported	
that	contaminated	droplet	nuclei	can	be	dispersed	to	other	areas	of	
a	washroom,14	 and	 they	have	 even	been	 found	outside	 a	mock-	up	
toilet	cubicle.3

Barker	and	Jones6	conducted	a	toilet	seeding	experiment	in	which	
they	measured	the	level	of	bioaerosols	generated	by	the	flushing	of	a	
residential	toilet.	They	reported	the	amount	of	Serratia marcescens in 
the	air	 to	 increase	sharply	 from	zero	colony-	forming	units	per	cubic	
meter	(CFU/m3)	to	1370	CFU/m3	after	the	first	flush.	However,	a	later	
study15	 recorded	 a	much	 smaller	 number	 of	 size-	resolved	 flushing-	
generated	airborne	droplets	than	that	observed	by	Barker	and	Jones.5 
A	similar	study	was	recently	conducted	in	a	hospital	to	determine	the	
concentration	of	Clostridium difficile	 following	 flushing.	 It	 found	 that	
even	with	the	toilet	lid	down,	aerosolized	droplets	could	be	recovered	
10	cm	above	the	seat	within	60	minutes	of	flushing.16

Quantification	of	the	potential	transmission	risk	of	pathogen-	laden	
aerosols	 is	 important.	Emission	strength	 is	the	most	 important	of	all	
known	parameters	 for	 such	quantification,17	but	has	 rarely	been	 in-
vestigated.	 Quantifying	 the	 risk	 of	 potential	 transmission	 based	 on	
indirect	evidence	without	carrying	out	controlled	experiments	is	un-
reliable.	 It	 is	believed	that	flushing	systems	(and	related	parameters)	
exert	the	strongest	effect	on	airborne	pathogen	emission.	A	significant	
association	between	bacterial	emission	strength	at	different	degrees	
of	flushing	energy	and	flushing	systems	was	reported	in	a	recent	study	
focusing	on	the	initial	droplet	size	distribution	generated	by	flushing	
an	 experimental	 toilet	 system	 with	 various	 flushing	 mechanisms.14 
However,	submicrometer	monodisperse	spheres	were	used	as	surro-
gates	for	microorganisms.

The	flushing	of	a	toilet	bowl	can	be	achieved	either	by	supplying	
water	pressure	through	a	flushometer	or	by	gravity	through	a	cistern	
system.	Flushometer-	valve	toilets	are	typically	used	in	commercial	and	
office	buildings	because	the	recharge/refilling	time	is	very	short,	mean-
ing	the	toilet	is	available	for	the	next	user	almost	immediately.	Cistern	
systems	 (or	simple	 tank	systems),	 in	contrast,	 take	a	 few	minutes	to	
recharge	 after	 each	 flush,	 causing	 inconvenience	 in	 high-	frequency	
settings	such	as	shopping	arcades	or	other	public	buildings.	However,	
cistern	 systems	 remain	popular	 in	 residential	 and	educational	build-
ings,	partly	because	their	design	and	maintenance	are	simpler	and	less	
costly	than	those	for	flushometer-	based	systems.

The	 aim	 of	 this	 study	was	 to	 investigate	 the	 emission	 strength	
of	 the	 first	 flush	 for	 the	 two	 flushing	 systems.	 Parameters	 such	 as	
water	pressure,	 tank	height,	 and	bacterial	 size	were	varied,	 and	 the	

correlations	 between	 airborne	 droplet	 concentration	 and	 bacterial	
emission	strength	were	investigated.

2  | MATERIALS AND METHODS

2.1 | Experimental setup

The	 test-	rig	 comprised	 a	 toilet	 bowl	 incorporating	 a	 flushometer,	 a	
cistern	 tank,	 a	 storage	 tank,	 a	booster	pump,	 a	pneumatic	 pressure	
vessel,	and	tailor-	made	pipework	(Figure	S1).	A	ceramic	wash-	down-	
type	toilet	bowl	was	installed	(C19P,	Econax)	because	it	 is	the	most	
common	toilet	bowl	type	used	 in	Hong	Kong	households.	All	public	
housing	 in	Hong	Kong,	which	accommodates	~30%	of	 the	approxi-
mately	7.3	million	population,	is	equipped	with	such	toilets.	The	flush-
ometer	was	designed	to	supply	14	L	per	flush	(Naval	Exposed	Water	
Closet,	 Sloan,	 USA).	 Because	 no	 direct	 pressurized	 city	 water	 was	
available	 in	 the	 laboratory,	 the	water	 supply	was	 specially	arranged	
and	designed	with	a	closed-	loop	system.	The	outlet	of	the	bowl	was	
connected	to	a	stainless	steel	water	tank	(with	a	capacity	of	50	L),	and	
a	booster	pump	with	a	pneumatic	pressure	vessel	was	installed	to	de-
liver	water	from	the	storage	tank	to	the	flushometer,	thereby	forming	
a	closed-	loop	circuit	in	which	water	discharged	from	the	water	closet	
was	recirculated.

The	cistern	tank	system	was	simpler	in	design.	A	standard	cistern	
tank	was	purchased	from	a	local	plumbing	store	and	filled	with	14	L	of	
tap	water	for	each	flush.	A	tailor-	made	tracking	system	was	fabricated	
to	allow	the	cistern	height	to	be	adjusted	with	a	handle.	The	two	flush-
ing	systems	could	be	rendered	interchangeable	in	less	than	a	minute	
via	a	few	simple	valve-	changing	steps.

The	 temporal	 profiles	 of	 the	 different-	sized	 droplets	 generated	
during	toilet	flushing	were	recorded	using	an	optical	particle	counter	
(3330,	MN,	TSI)	with	the	sampling	rate	set	to	1	seconds.	The	counter	
allowed	six	user-	defined	bins	to	be	selected	from	sizes	ranging	from	
0.3	to	10	μm:	(i)	0.3-	0.6	μm,	(ii)	0.6-	1	μm,	(iii)	1-	1.5	μm,	(iv)	1.5-	2	μm, 
(v)	2-	6	μm,	and	(vi)	6-	10	μm.	The	rationale	for	these	sizes	is	discussed	
in	the	Results	section	3.2.	Airborne	bacteria	were	collected	by	a	single-	
stage	viable	Andersen	cascade	sampler	(Thermo	Fisher	Scientific	Inc.)	
operating	at	28.3	L/min.

Practical Implications
•	 Emission	strength	 is	probably	the	single	most	 important	
parameter	for	estimating	the	bacterial	exposure	risk	from	
toilet	 flushing.	 This	 study	 found	 emission	 strength	 and	
bacterial	size	to	be	negatively	correlated,	which	is	valua-
ble	 information	 for	 estimating	 the	 risks	 associated	with	
small	viruses	or	large	bacteria.	It	also	documented	a	cor-
relation	 between	 droplet	 concentration	 and	 emission	
strength.	Finally,	it	found	a	cistern	tank	design	to	be	the	
preferred	 toilet	 flushing	 option	 because	 of	 its	 minimal	
generation	of	potentially	infectious	small	aerosols.
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To	enhance	the	accuracy	of	the	bacterial	counts,	instead	of	random	
sampling	inside	the	entire	environmental	chamber,	a	small	transparent	
acrylic	box	of	45×45×45	cm	 (L×W×H)	 in	size	was	placed	upright	on	
the	toilet	bowl	seat	surface,	with	a	33-	cm-	diameter	circular	opening	
in	one	side	facing	the	toilet	bowl	(Figure	1).	To	ensure	that	the	air	was	
well-	mixed	inside	the	box,	and	to	avoid	unnecessarily	vigorous	mixing	
to	prevent	high-	turbulence	deposition	loss,	preliminary	trial	tests	were	
run	to	determine	whether	any	mixing	fans	were	required.	Four	small	
computer	muffin	fans	were	hung	in	each	upper	corner	to	provoke	mix-
ing.	As	the	results	indicated	no	significant	differences	in	the	air	sam-
ples,	no	mixing	 fans	were	used	subsequently.	Also,	 the	electrostatic	
and	 diffusion	 losses	were	 found	 to	 be	 negligible,	with	 the	 smallest	
droplet	size	concerned	being	just	0.3	μm.

To	balance	the	pressure	differential	created	by	the	sampling	pump,	
another	circular	opening	of	15	cm	in	diameter	was	made	in	one	of	the	
vertical	walls.	 Electrostatic	 filter	 paper	was	 fixed	 at	 the	 opening	 to	
allow	filtered	air	to	flow	through	without	affecting	the	bacterial	count.	
Another	small	opening	of	3.5	cm	in	diameter	was	made	to	allow	par-
ticle	 counter	measurements	 through	 the	 conductive	 sampling	 tube.	
Finally,	 a	 standalone	 split-	type	 air-	conditioning	 system	 operated	 in	
the	 chamber	 throughout	 the	 experiments,	 and	 thus,	 the	 tempera-
ture	and	relative	humidity	were	maintained	at	22±0.5°C	and	55±5%,	
respectively.

2.2 | Parameters

Such	parameters	as	the	static	pressure	of	the	water	supply	and	cistern	
height	were	selected	on	the	basis	of	practical	application.	By	adjusting	
the	water	pressure	switch,	two	levels	of	water	supply	pressure,	high	
pressure	(HP,	400	kPa)	and	low	pressure	(LP,	200	kPa),	were	achieved,	
and	the	pressurized	water	was	fed	to	the	flushometer.	This	range	is	
the	 conventional	 water	 pressure	 range	 for	 flushometer	 systems.14 
Two	cistern	heights,	as	measured	from	the	surface	of	the	toilet	seat	to	
the	bottom	of	the	tank,	were	selected:	high	tank	(HT,	95	cm)	and	low	
tank	(LT,	46	cm).	The	HT	system	represented	the	systems	used	in	old	
residential	buildings,	whereas	the	LT	system	represented	that	used	in	
newer	residential	and	commercial	buildings.

The	quantity	of	water	used	during	flushing	was	also	measured.	For	
the	cistern	system,	such	measurement	was	a	straightforward	matter	of	

measuring	the	drop	in	water	level	before	and	after	flushing,	which	was	
estimated	to	be	10	L.	For	the	flushometer	system,	the	water	used	per	
flush	was	estimated	to	be	14	L.

2.3 | Selection of microorganisms

Similar	 to	 a	previous	 study,18	 the	 selection	 criteria	 for	 the	microor-
ganisms	were	based	on	biosafety	 issues	and	physical	characteristics	
rather	than	pathogenic	properties.	Three	biosafety	levels	for	bacteria	
of	different	sizes	and	shapes	were	selected	as	surrogates	for	the	path-
ogenic	species	commonly	found	in	bioaerosols.	Further	details	can	be	
found	in	the	Supporting	Information	(Table	S1).

Staphylococcus epidermidis	 (ATCC	12228)	are	gram-	positive	cocci	
with	a	spherical	shape	and	diameter	around	0.96	μm	that	are	arranged	
in	clusters.	E. coli	 (ATCC	10536)	and	P. alcaligenes	 (ATCC	14909)	are	
rod-	shaped,	 gram-	negative	 bacilli.	Of	 the	 three,	S. epidermidis	 is	 the	
smallest	 in	 size,	 and	P. alcaligenes	 (ATCC	14909)	 is	 the	 largest,	with	
approximately	2	μm	per	axis.

2.4 | Procedure for measuring bacterial 
emission strength

Bacterial	 emission	 strength	was	measured	 in	 the	order	 of	S. epider-
midis, E. coli, and P. alcaligenes.	The	 first	 two	 types	of	bacteria	were	
tested	in	all	four	scenarios	(HP,	LP,	HT,	and	LT),	whereas	P. alcaligenes 
was	 tested	 in	 the	HP	and	LP	conditions	alone.	Each	 type	of	bacte-
ria	was	inoculated	onto	a	nutrient	agar	(NA)	plate	from	frozen	stock.	
After	incubation	at	30	or	37°C	for	24	to	72	hour,	a	colony	from	the	NA	
plate	was	inoculated	into	a	200	mL	nutrient	broth	(BD),	and	incubated	
in	an	orbital	shaker	at	30	or	37°C	for	24	to	48	hour	to	reach	a	station-
ary	phase.	The	suspensions	were	used	immediately	for	the	emission	
strength	experiments.	The	input	of	each	bacterial	suspension	was	109 
to	1010	cells,	and	the	suspension	volumes	used	are	shown	in	Table	S2	
in	the	Supporting	Information.

For	the	background	experiment,	the	acrylic	box	was	placed	upright	
on	the	toilet	seat,	and	flushing	was	activated.	The	Andersen	sampler	
was	loaded	with	a	90-	mm	Petri	dish	containing	NA	and	operated	for	5	
minutes.	The	dish	was	incubated	at	30	or	37°C	for	24	to	72	hour.	The	
CFUs	obtained	were	counted	manually	after	cultivation.

For	the	bacterial	emission	experiments,	each	bacterial	suspension	
was	 splashed	 onto	 the	 porcelain	 surface	 of	 the	 toilet	 bowl	 using	 a	
syringe.	The	sampling	procedure	was	the	same	as	that	for	the	back-
ground	experiment.	At	least	three	independent	experiments	were	con-
ducted	for	each	flushing	scenario.

To	overcome	the	main	drawback	of	the	closed-	loop	system,	that	
is,	 that	 after	 flushing	 a	 certain	 amount	of	 bacteria	 can	 flow	back	
into	the	water	tank,	the	entire	system	was	thoroughly	disinfected	
between	 experiments	 by	 pouring	 100	 mL	 of	 household	 bleach	
(5.25%	 sodium	 hypochlorite	 by	 mass)	 into	 the	 toilet	 bowl,	 fol-
lowed	by	12	mL	of	5%	sodium	thiosulfate	to	neutralize	the	bleach	
residue,	and	then	flushing	with	plenty	of	fresh	water.	Water	sam-
ples	 collected	 after	 disinfection	were	 found	 to	 have	 no	 bacterial	
cross-	contamination.

F IGURE  1 Photograph	showing	the	setup	of	the	toilet	and	
transparent	acrylic	box	measuring	45×45×45	cm	(L×H×W)

Acrylic box

Flushometer

Flushing tank
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2.5 | Measurement of airborne water droplet 
concentrations

An	 approximately	 10-	cm	 conductive	 sampling	 tube	 was	 connected	
from	the	sampling	inlet	of	the	counter	to	the	center	of	the	acrylic	box.	
Preliminary	observation	 indicated	 that	15	minutes	was	sufficient	 for	
the	particles	to	decay	back	to	their	background	levels	(Figures	2	and	
S2).	For	the	first	measurement,	samples	were	collected	for	5	mins	to	
determine	the	background	level	before	flushing,	and	the	second	flush-
ing	was	activated	15	minutes	after	the	first.	As	noted,	measurements	
were	repeated	at	least	four	times	for	each	scenario.	Although	the	par-
ticle	 counter	was	not	 calibrated	 for	 each	 specific	 aerosol	 examined,	
and	hence,	the	readings	are	not	the	actual	gravimetric	values,	it	is	be-
lieved	that	such	a	limitation	did	not	affect	the	study’s	results	because	
they	were	normalized	by	the	results	collected	by	the	same	counter.

2.6 | Statistical analysis

Comparisons	of	the	emission	strengths	of	the	different	types	of	bacte-
ria	and	the	different	scenarios	were	computed	by	the	Mann-	Whitney	
U	test	and	Kruskal-	Wallis	test,	respectively.	Pearson	correlation	coef-
ficients	were	used	to	test	the	strength	of	the	association	between	two	
parameters.	The	IBM	statistical	package	SPSS	(version	16.0)	was	used	
for	all	of	the	statistical	computations.

3  | RESULTS

3.1 | Aerosol droplet concentrations and emission 
strength

Before	detailed	 analysis	 of	 the	 size-	resolved	 concentration	profiles,	
preliminary	results	on	the	total	emissions	generated	by	the	different	
flushing	 systems	 in	 the	 four	 scenarios	were	obtained.	Figure	2	pre-
sents	the	temporal	profile	of	the	total	particle	emissions	of	the	four	
scenarios.	Two	salient	points	can	be	observed.	First,	the	flushometer	
system	produced	a	significantly	higher	droplet	concentration	than	the	
tank	system	regardless	of	the	water	pressure	or	tank	height.	Second,	
emission	was	detected	immediately	after	flushing	was	activated,	and	
it	took	less	than	15	seconds	for	the	droplet	concentration	to	increase	
to	peak	level.

The	water	pressure	for	the	cistern	tank	was	4.9	and	9.8	kPa	for	the	
LT	and	HT	conditions,	respectively,	whereas	that	for	the	flushometer	
was	200	and	400	kPa.	Hence,	 the	pressure	produced	by	 the	cistern	
tank	was,	at	most,	5%	(9.8/200)	of	that	produced	by	the	flushometer,	
which	suggests	that	cistern	systems	create	much	less	energy	for	the	
atomization	of	droplets,	 and	 thus	generate	 significantly	 fewer	drop-
lets.	This	observation	is	supported	by	the	results	of	this	study	and	pre-
vious	studies.14

Total	 and	 size-	resolved	 droplet	 emissions	 per	 flush	were	 deter-
mined	 by	 the	 summation	 of	 all	 temporal	 particle	 counts	minus	 the	
background	counts	for	15	seconds	post-	flush.14	Because	the	emission	
time	 (~15	seconds)	was	much	 shorter	 than	 the	 decay	 time,	 droplet	
emissions	could	be	approximated	by	Equation	(1):

where	E	is	droplet	emissions	per	flush;	Q	is	the	air	sampling	flow	of	the	
optical	particle	counter,	that	is,	1.67×10−5 m3/s;	β	is	the	particle	loss	rate	

(1)E= (Q+βV) ∫
15s

0

C(t)dt,

F IGURE  2 Temporal	profile	of	total	particle	(0.3-	10	μm)	emission	
strength	upon	toilet	flushing	in	the	(A)	high-	pressure	(HP,	in	blue)	and	
low-	pressure	(LP,	in	red)	and	(B)	high-	tank	(HT,	in	blue)	and	low-	tank	
(LT,	in	red)	conditions

TABLE  1 Results	of	total	and	size-	resolved	droplet	emissions	per	flush	in	different	of	size	ranges	and	pressure	conditions	(rounded	to	the	
nearest	100	except	for	the	last	column	in	which	the	numbers	are	rounded	to	the	nearest	10).	The	errors	are	one	standard	deviation

Flushing Scenario Total

Range of droplet sizes 

0.3- 0.6 μm >0.6- 10 μm >1.5- 10 μm >2- 10 μm

High	Pressure 287	400±32	700 245	700±29	400 41	700±3300 8100±510 1980±120

Low	Pressure	 80	200±6900 61	800±5600 18	300±1204 6100±257 1270±100

High	Tank 13	700±3000 8400±2100 5300±852 800±135 290±30

Low	Tank 14	500±2100 8600±1300 5900±756 700±53 380±30
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(s−1);	and	V	is	the	volume	of	the	acrylic	box,	that	is,	0.091	m3. β	depends	
on	such	factors	as	particle	size,	turbulence	intensity,	and	deposition	sur-
face,19	whereas	Q+βV	is	estimated	from	the	decay	of	the	droplet	profiles,	
and	falls	within	the	range	of	0.9×10−5 m3/s	to	6×10−5 m3/s.	The	simple	
approach	of	using	the	average	of	the	range,	that	is,	3.0×10−5 m3/s,	was	
adopted	in	calculating	Equation	(1).	The	droplet	emission	strengths	per	
flush	are	shown	in	Table	1.	It	can	be	seen	that	the	total	emission	strength	
in	the	HP	condition	was	approximately	3.6,	21.0,	and	19.8	times	greater	
than	that	in	the	LP,	HT,	and	LT	conditions,	respectively.	These	results	
are	comparable	to	those	published	by	Johnston	et	al.,14	who	found	the	
highest	number	of	droplets,	that	is,	145	000,	to	be	yielded	by	a	flushom-
eter	operating	at	>350	kPa	among	the	four	flushing	mechanisms	they	
tested.	However,	 that	droplet	number	 is	only	approximately	half	 that	
found	in	the	present	study.	The	discrepancy	may	be	attributable	to	their	
neglect	of	droplet	loss	inside	the	bowl.	Their	working	pressure	was	also	
less	than	400	kPa,	and	the	different	particle	counters	used	in	the	two	
studies	may	also	have	affected	the	concentration	results.	Nonetheless,	
the	two	measurements	are	in	fairly	good	agreement.

3.2 | Size- resolved aerosol concentrations

To	obtain	more	details	on	the	emission	characteristics,	the	temporal	
profile	of	the	size-	resolved	droplet	concentrations	was	investigated,	
with	 the	 results	presented	 in	Figure	S2	 (Supporting	 Information).	 In	
proposing	 a	 simple	 correlation	 between	 droplet	 size	 and	 emission	
strength,	it	was	hypothesized	that	a	droplet	of	diameter	d can embed 
a	pathogen	whose	size	is	at	most	diameter	d.	In	light	of	this	hypoth-
esis,	the	concentration	count	from	0.6	to	10	μm	was	used	to	correlate	
the	emission	strength	per	flush	for	S. epidermidis,	and	those	from	1.5	
μm- 10 μm and 2 μm- 10 μm	for	E. coli and P. alcaligenes,	respectively,	
as	elaborated	upon	in	the	next	section.	Droplets	with	the	smallest	di-
ameter	range	(0.3-	0.6	μm)	were	included	to	highlight	the	concentra-
tions	of	different	sizes.

The	size-	resolved	droplet	concentrations	are	also	shown	in	Table	1.	
The	ratio	of	the	average	droplet	emission	strength	was	calculated.	The	
HP	to	LP	ratios	for	0.3-	0.6	μm, 0.6- 10 μm,	1.5-	10	μm, and 2- 10 μm 
were	3.9,	2.3,	1.3,	and	1.6,	respectively,	which	are	in	line	with	the	ratio	
of	3.6	for	the	total	concentration.	The	magnitude	of	the	ratios	for	the	
cistern	tanks	was	very	different.	For	droplet	diameters	in	the	range	of	
0.3-0.6 μm,	the	HP/HT	droplet	emission	ratio	was	29.2	times,	whereas	
that	for	those	ranging	from	0.6	to	10	μm,	1.5	to	10	μm,	and	2	to	10	μm 
were	7.8,	10.2,	and	6.8,	respectively.	Hence,	compared	with	the	flush-
ometer,	 the	droplet	emission	concentration	produced	by	 the	cistern	
tank	was	only	3.4%	for	droplets	sized	≤0.6	μm,	whereas	it	ranged	from	
10%	 to	14%	 for	droplets	≥1.5	μm.	This	 finding	has	 important	 impli-
cations,	showing	that	an	exposure	risk	still	exists	even	for	tank	flush-
ing	(with	a	low	degree	of	atomization	energy)	with	a	low	level	of	total	
droplet	emissions.

3.3 | Pathogen emission strength of first flush

The	pathogen	emission	strength	of	the	first	flush	in	the	four	scenarios	
was	calculated	by	Equation	(2),	with	the	results	shown	in	Figure	3.

where	CFU	is	the	count	in	the	Petri	dish	with	bacteria	added	to	the	
toilet	bowl,	and	CFU(BG)	is	the	count	without	bacteria	added.	Positive	
hole	 correction	was	 applied	 for	 all	 samples.20	Because	 the	order	of	
magnitude	of	the	CFU	counts	and	bacteria	was	significantly	dispersed,	
the	results	were	normalized	by	109.

The	emission	strength	of	S. epidermidis	was	statistically	greater	
than	that	of	E. coli and P. alcaligenes	in	the	HP	(P<.05)	and	LP	(P<.05)	
conditions,	respectively.	For	all	three	bacteria,	the	emission	strength	
under	HP	was	statistically	greater	than	that	under	LP:	S. epidermidis 
(P<.001),	E. coli	(P<.05),	and	P. alcaligenes	(P<.001).	The	strengths	re-
corded	under	HP	were	almost	double	those	recorded	under	LP.	For	
E. coli	tested	in	the	HT	and	LT	scenarios,	the	respective	CFU	results	
were	very	low.	As	similarly	low	or	even	lower	CFU	results	were	an-
ticipated	for	P. alcaligenes,	only	the	HP	and	LP	scenarios	were	tested.

The	 correlations	between	 the	 airborne	pathogen	 concentrations	
and	 quantity	 of	 airborne	 droplets	 are	 reported	 in	Table	2.	 It	 can	 be	
seen	 that	 there	was	 a	positive	 correlation	between	 the	droplet	 and	
pathogen	concentrations	in	the	HP,	LP,	and	HT	conditions,	whereas	a	
non-	intuitive	result	was	obtained	for	LT,	that	is,	the	emission	strength	
was	higher	than	in	the	HT	condition.	The	exact	reason	for	this	result	is	
unclear,	but	may	be	attributable	to	the	very	low	concentration	of	aero-
sols	in	the	HT	and	LT	conditions.	The	explanation	is	further	clouded	by	
the	highly	complex	water	flow	(atomization	process).

The	correlations	between	emission	strength	and	bacterial	size	are	
also	shown	in	Table	2,	with	a	negative	such	correlation	found	in	both	

(2)CFU per flush per 109bacteria input=
(CFU- CFU(BG))

109
,

F IGURE  3 Emission	strength	of	different	types	of	bacteria	at	
the	first	flush	in	the	high	(HP,	400	kPa)-		and	low	(LP,	200	kPa)-	
pressure	conditions	and	at	the	two	tank	heights	(high	tank=95	cm	
and	low	tank=46	cm	above	the	toilet	seat).	The	emission	strengths	
of	each	bacterial	type,	as	reflected	by	the	number	of	bacteria	(CFU/
input×10−9)	differed	significantly	in	the	two	pressure	conditions,	as	
indicated	by	the	asterisks	(*P<.05,	**P<.001; P-	value<.05	denotes	
statistical	significance).	The	emission	strength	of	S. epidermidis	was	
statistically	greater	than	that	of	E. coli	(HP,	P<.005;	LP,	P<.005)	
and P. alcaligenes	(HP,	P<.005;	LP,	P<.01)	in	both	the	HP	and	LP	
conditions,	whereas	no	statistical	difference	in	emission	strength	was	
found	between	E. coli and P. alcaligenes	in	either	pressure	condition
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the	HP	and	LP	scenarios.	S. epidermidis	exhibited	the	greater	emission	
strength,	21	times	that	of	E. coli.	Very	limited	information	on	emission	
strength	can	be	found	in	the	literature,	and	no	study	to	date	has	in-
vestigated	its	correlation	with	bacterial	size.	Gerba	et	al.7	commented	
that	owing	to	the	small	size	of	viruses,	the	emission	strength	of	MS2	is	
greater	than	that	of	E. coli.

Our	work	 confirms	 the	 correlation	 between	 a	 threshold	 droplet	
size	 and	 emission	 strength,	 thereby	 also	 supporting	 our	 hypothesis,	
that	is,	that	a	droplet	of	diameter	d	can	embed	a	pathogen	whose	size	
is	 at	most	diameter	d.	As	 shown	 in	Table	1,	 the	emission	of	 smaller	
droplet	 overwhelms	 larger	 droplets.	 Combining	 these	 two	 observa-
tions,	it	can	explain	the	airborne	emission	strength	of	pathogens	de-
creases	with	the	their	sizes.

It	can	be	inferred	from	these	results	that	low	flushing	pressure	is	bet-
ter	 in	practice	 than	high	pressure.	However,	additional	 factors	such	as	
refilling	time	and	cleaning	performance	also	need	to	be	considered,	and	
hence,	the	best	level	of	in-	use	flushing	pressure	for	minimizing	the	gen-
eration	of	emissions	cannot	be	determined	solely	on	the	basis	of	these	
results.	In	practice,	an	overly	low	pressure	may	be	insufficient	to	remove	
the	waste	adhering	to	the	bowl	surface,	which	raises	issues	of	hygiene.	
Nevertheless,	drainage	system	designers	would	be	advised	to	take	our	
results	into	consideration	in	conjunction	with	the	need	to	provide	satis-
factory	drainage	performance,	particularly	in	facilities	for	the	elderly	and	
other	special	groups	and	in	hospitals	and	clinical	settings,	to	reduce	the	
risk	of	transmitting	potentially	infectious	contaminated	aerosols	to	high-	
risk	persons.

4  | DISCUSSION

The	World	Health	Organization21	reported	that	during	the	SARS	out-
break	inadequate	plumbing	systems	allowed	infectious	SARS	droplets	
to	enter	buildings	via	sewage	and	drainage	systems,	blaming	 in	par-
ticular	strong	upwards	airflows,	inadequate	traps,	and	non-	functional	
water	 seals.	 It	 has	 thus	 been	 recommended	 that	 drainage	 systems	
be	 designed	 to	 prevent	 the	 evaporation	 of	 fluids	 within	 U-	traps.22 
However,	this	preventive	measure	can	minimize	the	risk	of	exposure	
only	through	the	pathways	of	building	drainage	systems.	Even	when	
water	seals	function	properly,	the	atomization	of	airborne	pathogens	
occurs	on	the	toilet	bowl	surface	during	flushing.

There	are	many	commercially	available	products	designed	to	 im-
prove	toilet	hygiene,	including	paper	toilet	seat	covers,	gel/foam	dis-
infectants,	and	automatic	toilet	bowl	cleaners	or	tablets,	but	none	is	
capable	of	completely	preventing	infection	through	the	aerosolization	
of	fecal	matter	during	toilet	flushing.	Toilet	seat	covers	and	surface	dis-
infectants	are	effective	in	preventing	contact	with	and	the	transmis-
sion	of	surface	contaminants	to	other	users,	but	they	cannot	prevent	
airborne	transmission.	A	high	degree	of	disinfection	efficacy	has	been	
observed	for	automatic	toilet	bowl	tablets,23	which	work	through	the	
continuous	release	of	disinfectants	 to	kill	microorganisms.	However,	
their	short	lifespan	and	efficacy	only	for	cistern	systems	are	two	con-
cerns	with	their	use.	Before	any	mitigation	measures	can	be	proposed,	
the	exposure	risk	must	be	quantified,	and	the	most	important	factor	in	
such	risk	is	source	emission	strength.

Although	 comprehensive	measurements	were	 performed	 in	 this	
research,	there	were	a	number	of	limitations.	First,	feces	vary	in	con-
sistency	from	watery	to	formed,	and	also	vary	from	individual	to	indi-
vidual	and	within	 individuals	at	different	 times.	Moreover,	 there	are	
also	many	more	 toilet	 bowl	 designs	 than	 those	 investigated	 in	 this	
research,	such	as	wash-	down	and	siphonic	designs.	Both	of	these	fac-
tors	may	affect	emission	dynamics,	but	did	not	fall	into	our	study	ob-
jectives	and	hence	are	not	addressed	herein.	Nonetheless,	our	results	
on	 total	 droplet	 generation	 are	 in	 good	 agreement	with	 the	 results	
of	 other	 studies,	 which	 strengthens	 the	 conclusions	 drawn	 herein.	
Second,	the	study	could	have	been	improved	by	considering	a	wider	
droplet	size	 range	 in	 testing	our	hypothesis.	Finally,	an	attempt	was	
made	 to	 test	 the	 yeast	 species	 Saccharomyces cerevisiae	 in	 the	 size	
range	of	3.0-	8.0×5.0-	10.0	μm.	However,	very	few	surface	or	airborne	
CFUs	were	found,	and	the	test	was	therefore	discontinued	and	is	not	
reported	in	detail.

5  | CONCLUSION

The	pilot	 study	 reported	herein	was	 the	 first	 to	measure	 the	emis-
sion	strength	of	airborne	pathogens	and	to	demonstrate	a	correlation	
between	airborne	CFUs	and	flush	droplet	counts.	It	investigated	the	
two	most	popular	flushing	systems,	flushometer	and	cistern	systems,	
at	two	different	water	pressures	(HP=400	kPa	and	LP=200	kPa)	and	
tank	 heights	 (HT=95	cm	 and	 LT=46	cm)	 and	 tested	 three	 types	 of	

TABLE  2 Correlations	between	emission	and	droplet	
concentrations	and	bacterial	size	in	the	high	(400	kPa)	and	low	
(200	kPa)	pressure	and	high	(95	cm)	and	low	tank	(46	cm)	scenarios

Net emission 
concentration: 
flushometer operated 
at different pressure 
levels or in different 
cistern tanks

Correlation 
coefficient (r) P- value* 

Droplet	
concentration

High	pressure 0.944 <.001

Low	pressure 0.803 <.001

High	tank 0.885 <.05

Low	tank 0.707 >.05

Types	of	
bacteria	of	
different	
bacterial	sizes	

High	pressure −0.919 <.001

Low	pressure −0.936 <.001

High	tank −0.967 <.05

Low	tank −0.924 <.05

*Denotes	statistical	significance	at	P-	value<.05.
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bacteria	 representing	 small-	,	 medium-		 and	 large-	sized	 pathogens.	
Several	 salient	 observations	 were	 made.	 First,	 atomization	 energy	
notably	 influenced	droplet	and	bacterial	emission.	Second,	 the	 total	
droplet	concentration	under	HP	was	approximately	21	times	that	at	
HT.	Third,	in	the	HP,	LP	and	HT	conditions,	(1)	droplet	concentration	
and	pathogen	emission	were	positively	correlated,	and	(2)	pathogen	
emission	and	bacterial	size	were	negatively	correlated.	Finally,	 in	all	
flushing	conditions	the	emission	strength	of	S. epidermidis	was	great-
est,	followed	by	E. coli	and	then	P. alcaligenes.

This	paper	also	highlights	 the	need	for	greater	concern	over	 the	
transmission	via	toilet	flushing	of	aerosols	containing	pathogenic	or-
ganisms,	 which	 poses	 particular	 for	 the	 immunocompromised,	 chil-
dren	and	the	elderly.	Finally,	our	findings	also	imply	that	a	cistern	tank	
design	 is	preferable	to	a	 flushometer	design	with	respect	 to	aerosol	
generation.
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